We investigated the mechanotransduction pathway in endothelial cells between their nucleus and adhesions to the extracellular matrix. First, we measured nuclear deformations in response to alterations of cell shape as cells detach from a flat surface.
INTRODUCTION
Cells of all types are constantly being exposed to external forces within their physiological environment [1] [2] [3] . While these external loads have been shown to regulate normal cell function, the mechanism by which these external forces elicit a cellular response (mechanotransduction) is still not fully understood. There are a number of possible locations where mechanotransduction might occur within an endothelial cell.
Shear stress on the apical surface has been shown to activate G-proteins, thereby leading to the activation of various messenger molecules downstream of this pathway [4] , and such stress also affects basal adhesions [5] [6] . At the adhesion surface, forces are transmitted through integrin transmembranous receptors, resulting in the activation of various messenger molecules that participate in different signaling pathways [7] .
Mechanotransduction may also occur within or near the nucleus [8] . The observation that endothelial cells possess direct mechanical connections between integrins, the cytoskeleton, and the nucleus [9] suggest a possible direct line of force transfer between the surface of the cell and the nucleus. Moreover, modulation of nuclear shape has been suggested to affect both protein synthesis and gene expression [10] .
There has been much investigation into the mechanics of the elements within this pathway between integrins and the nucleus, particularly cell adhesions and the cytoskeleton. When a cell adheres to a surface, it exerts traction forces to balance its internal forces generated by contraction of the cytoskeleton [11] . The protein family of integrins is responsible for connecting the cell to the extracellular environment. The traction force of various cell types have been measured, and most cells appear to generate traction forces in the range of tens to hundreds of nanonewtons [12] [13] [14] [15] [16] . In response to 5/26/2004 Spector Page 5 of external force to the nucleus via cytoskeletal fibers [33] . The magnitude and frequency of external forces were varied in a model consisting of a cell surface, a randomly-generated fiber mesh, and internal nucleus. The findings of the simulation went beyond establishing the idea of direct cytoskeletal connections between the nucleus and the surface: it was demonstrated that these cytoskeletal fibers could also reliably transmit force to the nucleus on the order of seconds [33] . Additionally, a theoretical analysis of endothelial cells exposed to fluid flow has suggested that the cells adapt by minimizing the magnitude of force acting on the nucleus [34] .
One approach used to study the response of the nucleus to external cellular forces is by partially detaching cells from their substrate to cause cell rounding. Early studies on nuclear deformations measured projected nuclear area and cell adhesion area in response to trypsin [35] and addition of ATP [36] to increase contractility of the cell. Both experiments showed a decrease in projected nuclear area in response to cell rounding.
Unfortunately, the nuclear displacements or stretches, which must be known for a mechanical analysis were not measured in these studies and could not be extracted from the reported results.
Here, we investigate deformations of the nucleus resulting from cell rounding, and estimate the mechanical forces acting on the nucleus. Adhesion area was altered by disruption of integrin binding. Then, we measure changes in the projected cell area (apparent adhesion area) as cells round up, and calculate the corresponding stretches of the nucleus. We found that stretches of the major and minor axes of the projected nuclear area had the same mean value (0.69). Additionally, the projected nuclear area and cell area both decrease at a similar rate, suggesting that the nucleus deforms directly (and without delay) in response to changes in adhesion area. We extend our experimental findings with a theoretical consideration of the nucleus: we derive the stresses responsible for the nuclear deformation and convert them into "equivalent" forces. In our analysis of cell rounding, we consider the spread and round states of the nucleus as the reference and final states, respectively. On that basis, we interpret the forces deforming the nucleus as opposite to those that are produced by the cytoskeleton during cell spreading. Thus, we can compare our estimates with traction forces at adhesion sites, and we found them to be on the same order of magnitude. Our analysis of the deformation of the nucleus and the surrounding components of the cell is an important component for future considerations of mechanotransduction. Understanding the forces present within and on the adhesion surface of endothelial cells has direct significance to wound healing, angiogenesis, and endothelial barrier dysfunction. PBS, and rinsed with PBS. We induced cell rounding with 0.006% and 0.017% trypsin (Gibco) in PBS. 
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MEASUREMENTS & EXPERIMENTAL RESULTS
We were interested in measuring nuclear stretches during cell rounding. Observing that rotations of the nucleus during cell rounding are small, the major (direction 1) and minor (direction 2) axes can be considered the principal axes ( Figure 1 ). We define the principal stretch as where λ i is the stretch, d i is the current diameter in direction i, and o i d is the initial diameter in direction i, for i=1,2. The product of stretches 1 and 2 equals the relative change in projected area of the nucleus (A n ), given by
To cause a decrease in the cell adhesion area, we used trypsin, an enzyme that releases cell adhesions. We measured the projected area of the cell, and assuming a homogenous Endothelial cell rounding is stochastic, so that some cells round up faster than others.
Hence, some of the image fields contain cells that are rounded and cells that are still somewhat spread. To see if there was any rate-dependence to the nuclear deformations, we compared all of our data with a normalized time parameter, so that the time of each cell rounding event was mapped to a relative time of 0-1. data was also considered. These statistics are provided in Table 1 . We also calculated the means and standard deviations for the different states during cell rounding of the cell adhesion area, presented in Table 2 .
ESTIMATION OF THE FORCES ACTING ON THE NUCLEUS
We used the measured nuclear stretches to estimate forces acting on the nucleus during cell rounding. Although the specific microstructure and properties of the cytoskeleton are not involved in our analysis, it is based on the scenario sketched in The reactive forces along the top and bottom surfaces of the nuclear layer can be estimated on the basis of the strain energy function introduced below but we will not discuss them here.
To characterize the material of the nucleus (nuclear layer), we will use the model of a nonlinear compressible neo-Hookean material whose constitutive relations are based on the strain energy function [37]
where µ and K are shear modulus and bulk modulus, respectively, and * i λ (i=1,2,3) are the principal deviatoric stretches related to the original principal stretches i λ (i=1,2,3) by the equation
Here, J is the relative volume change (
). On the basis of the introduced strain energy function, the principal stresses, i t , inside the layer can be found as
We interpret the major and minor axes of the elliptical cross-section of the nucleus in the plane of imaging as principal axes. Based upon our observations during the trypsin experiments (see Discussion), we found the stretches in directions 1 and 2 (principal stretches) are equal, which means that the stretches in direction 1 and 2 are both equal to the square-root of the nuclear area ratio. We use the notation λ λ λ = = 2 1 , and analyze the stresses in the layer as functions of the in-plane stretch λ and volume change J. We also express shear modulus and bulk modulus in terms of Young's modulus, E, and Poisson's ratio, ν. Taking this into account, the principal stresses can be expressed by the following equation
According to the scenario of cell rounding in Figure 8 , the stresses, t, characterize the cytoskeletal forces that act on the nucleus; they are maximal in the spread state of the cell and relax as a result of cell rounding. In. Figures 10 and 11 In Figures 10 and 11 , we present the stress for 3 values (0.35, 0.40, and 0.45) of
Poisson's ratio. The third principal stretch, 3 λ , is determined by the in-plane stretches and compressibility of the nucleus, and it is given by the equation
It is common to characterize the cellular cytoskeletal machinery in terms of the produced force, e.g., [33] . In order to make a comparison with experimental data, where cellular forces were measured, we represent the stresses acting along the circumference of the nucleus by a system of a pair of two forces parallel to the long axes of the nucleus and four pairs of the forces parallel to the short axes of the nucleus. We convert the computed stresses into forces by considering different fractions of the nuclear surfaces to which the fibers are attached (see the discussion below). The values of the forces along with the corresponding stresses and stretches for different moments of time of the rounding are given in Table 3 .
DISCUSSION AND CONCLUSION
Our study was motivated by the need for a better understanding of the role that mechanical characteristics play in signal transduction from the extracellular matrix to the cell. Here, we analyzed a cellular response elicited from mechanical force transmitted from the cell surface via the cytoskeleton to the nucleus.
Our main objective was to measure nuclear deformations during cell rounding, so we imaged the nucleus ( Figure 2 ) and cell adhesion area (Figure 3 ) during the process. To facilitate analysis of these images, we converted their range of intensity values to binary.
Our image processing was fairly automated for the nucleus (thresholding and level shifting), and accurately traced the structure. Manual outlining was used to trace the cell adhesion area. Due to the very large number of pixels contained in the cell adhesion areas (tens of thousands), accidental loss or addition of a few pixels due to errors in the manual outlining did not significantly affect our estimate of the relative change.
We selected to measure nuclear stretches, since this would exclude the effect of cell size, and provide a useful parameter when investigating the mechanics. We used two concentrations of trypsin to determine if the results were concentration-dependent. We also normalized the time of cell rounding for each cell to investigate any ratedependence. In order to uniformly define the endpoint of rounding, we selected the following criteria: the middle frame of a triplet set of images of the nucleus where the difference in relative change in projected nuclear area was less than 4%, and the magnitude of the relative change in projected nuclear area was less than 75%.
When we measured nuclear stretch in directions 1 and 2 for n=14 cells for the round state, we found that the mean value of both stretches was the same (0.69). Since the stretches were the same in each direction, this meant the square-root of the relative change in projected nuclear area was a fair measure nuclear stretch in either direction.
Although we measured only in-plane deformation of the nucleus, a 3-D rounding of the nucleus can be supported by the following argument. Assuming an elliptical shape and a slight compressibility of the nucleus, its height, 3 λ , can be estimated as end of cell rounding. This is consistent with the morphometric data in [31] (see Figure 3 on p.180).
In our analysis, we measured the principal stretches of the projected nuclear area during endothelial cell rounding. Due to the nature of our imaging, we measure the nuclear cross-section that has the maximal area out of all horizontal planes. Thus, this area does not depend upon vertical position of the nucleus. Therefore, the principal stretches are also not sensitive to position of the nucleus in the vertical direction. Figure 4 clearly shows that trypsin concentration and rate of rounding do not significantly affect the nuclear stretch. Similarly, the relative change in projected nuclear area is not sensitive to trypsin-concentration or rate of rounding, as seen in Figure 5 (corresponding statistics in Table 1) Table 2 ). All of these changes appear to have an approximately linear timecourse.
In order to compare the changes at the adhesion site and nucleus, we looked at the ratio of the relative change in projected nuclear area to the relative change in apparent adhesion area, given in Figure 7 . This transfer ratio had a value close to 1 for most of the process, with a slightly positive slope versus relative time. This suggests that the nuclear deformation is a direct and immediate response to changes in adhesion area.
Additionally, since the transfer ratio possesses a slightly positive slope, this indicates that the nucleus is stiffer than the bulk cytosol/cytoskeleton, consistent with previous findings in [9, 30] .
In our model, we took into account the large deformation that the nucleus undergoes during the process of cell rounding. We also considered compressibility of the material of the nucleus caused by it structure. In application of our model to the estimation of the forces deforming the nucleus, we used the experimentally measured stretches and the stiffness modulus (Young's modulus) of the nucleus. We also assumed that the stresses and strains are homogeneous and the major axes of the cross-sections of the nucleus coincide with the principal axes of the stress-strain state. Notice that these assumptions were applied only to the analysis of a nuclear layer that is presumably surrounded by cytoskeletal fibers. Also, we did not observe any significant rotations of the projected images of the nucleus that would indicate the presence of the shear mode of deformation.
We have recently developed a computational test of our analytical estimates of the stresses in the nucleus by using a 3-D finite element simulation of the deformation of the nucleus under the action of stresses distributed along a band on its surface. While the full-scale computational results will be published elsewhere, we concluded that to reach compression of the nucleus consistent with our experimental results, applied stresses of about 2000 Pa are needed. This conclusion is consistent with our analytical results here ( Figures 10 and 11 and Table 3 ).
In our analysis here, the material of the nucleus is considered elastic. The viscoelastic
properties of the endothelial cell nucleus are not available at the present time. In [30] , such properties of the nuclei of chondrocytes were analyzed. The relaxation time has been found close to 25 seconds. The round state, which we compare here with the reference, extended, state is reached in about 180 seconds, a much longer time than the cited relaxation time. Furthermore, as we discussed earlier, we determined the round state as one when the projected area changed very little at three consecutive moments of time, which indicates that creep of the material is minimal. Thus, we can conclude that the effect of viscoelasticity on our results is, probably, insignificant.
Also, our modeling is based on an estimated value of the Young's modulus of the nucleus (5000 Pa). In principal, there could be a certain variation of this modulus during the cell transition from the spread to round state. This issue was addressed in [31] , where the stiffness of endothelial cell nuclei was estimated for two, round and spread states of Experimental information on the forces acting on the nucleus during cell rounding is unavailable at this time. Our biological interpretation of the process of the deformation of the nucleus is that cytoskeletal fibers attached to the nucleus and the adhesion site generate the forces deforming the nucleus (see also comments above). The machinery behind the generation of such forces is probably associated with actin/myosin interaction.
Thus, the forces deforming the nucleus and forces acting along the adhesion site (traction forces), while not equal, have the same nature, and should be on the same order of magnitude. We looked at the estimates of the traction forces made by several groups.
Numerous technologies have been used to study cell adhesion forces, including substrates consisting of thin silicon films [39] [40] [41] , polyacrilamide sheets [42] [43] , novel micromachined devices [44] , and elastic posts [12] . Various cell types, including BPASMCs, keratocytes, myocytes, and fibroblasts have been studied using these technologies, but as of yet, no endothelial cells. The estimated traction forces of these cells are: 20-100nN for the BPASMCs [12] ; 20-50nN for keratocytes [13] [14] ; 70nN for cardiac myocytes [15] ; and, 20nN-5000nN for fibroblasts [15] [16] . For the fibroblasts, the large traction force range can be attributed to the different cell subtypes and estimation techniques. Taken as a whole, these ranges of traction force are on the same order of magnitude as our estimate for the internal forces acting on the nucleus In this study, we found that alterations of the adhesion area of an endothelial cell results in deformation of the cell nucleus, and this is a direct and immediate relationship.
Cell transition from the fully spread state to the round state is accompanied by significant nuclear deformation. The principal stretches of the nucleus corresponding to the projected nuclear area have the same mean value. We then estimated stresses and forces that produce the deformation of the nucleus at the level of 2000 Pa and 14-28 nN, respectively. This is on the same order of magnitude as experimentally measured traction forces. In general, these results can shed additional light on the mechanotransduction pathways in cells. In particular, they can help in understanding the active force 
